The protein coats of two densonucleosis viruses (types 1 and 2) were examined by a variety of biophysical, biochemical, and serological techniques. The viruses were 24 nm in diameter, contained at least four polypeptides, were remarkably stable to extremes of pH and denaturing agents, and were serologically closely related. The two viruses could, however, be distinguished serologically and by differences in migration of their structural polypeptides. For each virus the "top component" (i.e., the protein coat minus DNA, found occurring naturally in infections) appeared to have a composition identical to that of the coat of the virus and was a more stable structure. Electrometric titration curves of the virus particles and top components demonstrated that the DNA phosphate in densonucleosis virus particles was neutralized by cations other than basic amino acid side chains of the protein coat. Circular dichroism studies showed that there was a conformational difference between the protein coats of top components and virus particles.
Densonucleosis viruses (DNVs) are small icosahedral viruses, isolated from invertebrates, which contain linear single-stranded DNA, and they share many structural features in common with both the defective and the nondefective parvoviruses isolated from vertebrates (10, 17) . Structurally, the DNA contained by DNVs is comparable to that of the defective adeno-associated virus genome and is organized as complementary, separately packaged, linear singlestranded DNA which possesses inverted terminal sequences and a limited nonrandom circular terminal permutation (1, 9, 13, 14) . The genome is unlike the nondefective parvovirus genome, which (as typified by minute virus of mice and Kilham rat virus) is organized as a linear DNA molecule (of one polarity) with short palindromic sequences at the ends (2) .
Little is known about the structure of the protein coat of DNVs. Tijssen et al. (33) have reported that a DNV of the moth Galleria mellonella contains four structural polypeptides with molecular weights of 98,000, 69,000, 58,500, and 49,000 and that the 98,000-dalton polypeptide is a dimer of the 49,000-dalton polypeptide. We have previously shown that the protein coat of DNVs has a molecular weight of 3 .55 x 10' and that the molecular weight of the virus particle (5.7 x 106) represents the approximate sum of the protein coat, the genome (molecular weight, 1 .95 x 106), and the polyamines (molecular weight, 80,000) which constitute the complete virus particle (13) (14) (15) . In this study we have examined the protein coats of two DNVs by exaning either the top components (i.e., the virus particles minus DNA and polyamines) or the complete virus particles. We have used a variety of physical methods to examine the polypeptide composition of the coat, the secondary structure of the protein, and the interactions of the coat with the genome. In addition, we have compared the two viruses serologically. The two viruses studied were DNV type 1 (DNV1), isolated from G. mellonella (24) , and DNV2, isolated from the butterfly Junonia coenia (29) .
MATERIALS AND METHODS
Virus production and purification. DNV1 was originally isolated by G. Meynadier. DNV1 and DNV2 were provided by C. F. Rivers. DNV1 and DNV2 virus particles and corresponding top components were prepared as previously described (13, 20) .
Determination of extinction coefficients and concentrations. DNA was estimated by the diphenylamine method as modified by Burton (3) . Calibration curves were prepared with standard solutions of 2-deoxy-D-ribose. RNA was estimated by the orcinol method as modified by Mejbaum (23) . Calibration curves were prepared with standard solutions of Dribose. Due to lack of material, it was not possible to determine the extinction coefficients of virus particles and top components by the dry weight method. The extinction coefficients were therefore measured indirectly, using a refractive index method to determine protein concentration and estimating phosphorus of virus particles after dialysis into 0.1 M NaCl by the method of Jones et al. (12) .
The estimation of protein involved measuring the area of a synthetic boundary of a sample of top com-ponent photographed with Schlieren optics in a Spinco model E analytical ultracentrifuge and comparing this with the area obtained by the same method at the same bar angle for a standard solution of lysozyme, assuming the refractive index increment of both proteins to be 0.193/g per ml at 435.8 nm (5). The method gave a measure of the protein concentration of the solution of top component. Since the refractive index increment of DNA at 436.0 nm is also 0.193 (27) , a similar method was used with solutions of virus particles and top component sedimented appreciably at the speeds used (usually 12,590 rpm), photos were taken at various time intervals, and the measured areas were extrapolated to zero time to obtain the initial area.
Routine analysis for protein was by the Folin method (21) as modified by Eggstein and Kreutz (6) . Bovine serum albumin was used as a standard, and a correction was applied by using the previous refractive index method and the Folin method on the same sample. Extinction coefficients of virus particles and top components were obtained by measuring the absorbance of a sample of known concentration in a 1-cm-path-length cell at 260 and 277 nm, respectively. Results were expressed in optical density units per milligram per milliliter for a 1-cm path length. UV spectra of virus particles and top components were obtained at 25°C on either a Cary 14 recording spectrophotometer or a Unican S.P. 500 spectrophotometer. The extinction coefficients for virus particles and top components were 9.49 ± 0.32/mg per ml at 260 nm and 1.39 ± 0.11/mg per ml at 277 nm, respectively.
Electron microscopy. DNV particles and top components negatively stained with 2% (wt/vol) uranyl acetate were examined on an AEI 6B electron microscope as previously described (20) .
Analytical ultracentrifugation. Analytical ultracentrifugation was performed as previously described (13) , using a Beckman Spinco analytical ultracentrifuge equipped with both Schlieren and absorption optical systems.
Preparation of antisera. Antisera were prepared in both rabbits and guinea pigs. Preimmune sera were obtained from rabbits by bleeding from the marginal ear vein and from guinea pigs by cardiac puncture.
Rabbits were immunized by injecting at weekly intervals 1 ml of virus (containing 1 mg of virus) emulsified with 1 ml of Freund complete adjuvant (Difco Laboratories, Detroit, Mich.) subcutaneously, followed by a similar subcutaneous injection with incomplete adjuvant and finally an intravenous injection of 1 ml of virus. Immune sera were taken 4 weeks later.
Guinea pigs were immunized by two intraperitoneal injections (7 days apart) of 1 ml of virus (2 mg of virus) emulsified with 1 ml of Freund complete adjuvant and were bled by cardiac puncture 3 weeks later to provide immune sera.
Gel immunodiffusion. The reactions between antibody and antigen were examined by performing microtests on glass slides ( Polyacrylamide gel electrophoresis. Three polyacrylamide gel electrophoresis systems were used during these studies.
(i) Polypeptides were analyzed on 16-cm-long 12.5% polyacrylamide slab gels, using the buffer system of Laemmli (19) as previously described (7) . Samples were denatured by boiling in 0.1 M Tris-hydrochloride (pH 6.8)-2% (wt/vol) sodium dodecyl sulfate (SDS)-2% (vol/vol) 2-mercaptoethanol-10% (vol/vol) glycerol-0.01% (wt/vol) bromophenol blue. ,B-D-Galactosidase (molecular weight 132,000), phosphorylase (molecular weight, 97,200), transferrin (molecular weight, 90,000), bovine serum albumin (molecular weight, 69,000), and ovalbumin (molecular weight, 46,000) were used to calibrate the gels for molecular weight determinations.
(ii) Polypeptides were analyzed on 10 and 7% SDSpolyacrylamide cylindrical gels (6 by 100 mm), using a continuous phosphate-buffered system as previously described (16) . The same five standards were used for molecular weight determinations.
(iii) Native virus particles and top components were analyzed on 3% polyacrylamide gels (5 by 75 mm) made up in 0.1 M Tris-hydrochloride, pH 9.0, in the absence of SDS. Reservoir buffers contained 0.025 M Tris-glycine, pH 9 .0. Samples in reservoir buffer plus 10% (wt/vol) sucrose were applied directly to gels. Electrophoresis was at 5 mA per gel for about 70 min.
Nonreducing gels were run by omitting mercaptoethanol from the system as previously described (25) . Sugar residues were detected on proteins by Schiff staining as described by Fairbanks et The titration curve of top components or virus particles was constructed by subtracting the solvent titration curve (measured separately and corrected for dilution) from the sample titration. The results are expressed as moles of H+ dissociated or associated per 100 mol of amino acid residues. To detemnine if titrations were reversible, the samples were immediately retitrated from high or low pH back to about pH 6.0 with 0.1 N HCl or 0.1 N NaOH.
RESULTS
Electron microscopy. Preparations of pure virus particles and top components of DNV stained with 2% uranyl acetate showed that all preparations comprised small, spherical, presumably icosahedral, particles about 24 nm in diameter ( Fig. 1) . Some of the virus particles were penetrated by a variety of stain, including uranyl acetate, ammonium molybdate, and sodium tungstosilicate. The extent of stain penetration of top components varied from experiment to experiment, but an appreciable number of particles remained inviolate. Structure was observed, but not in sufficiently fine detail to enumerate capsomeres with confidence. Such structure is shown in Fig. 1 .
Serology. Relationships between DNV1 and DNV2 were examined by using antisera prepared in rabbits and guinea pigs against DNV1 and in guinea pigs against DNV2. Microimmunodiffusion tests were performed to conserve antigens and antisera. Suspensions of both viruses were placed in adjacent wells, and their reactions with the three antisera were monitored. After 48 h adjacent bands of precipitation in the gels became contiguous. When the suspensions were tested against antiserum prepared in rabbits, a tiny spur was formed where the two bands of precipitation against DNV1 and DNV2 met ( Fig. 2A) . This spur was a continuation of the precipitation band formed by DNV1. To show that this was not an artifact, the same virus suspension was placed in adjacent wells; there were no spurs on the precipitation bands produced ( Fig. 2B and C) . When the antiserum prepared in guinea pigs against DNV2 was used to compare both viruses, it was found that single bands of precipitation became contiguous, with the band formed by DNV2 continuing into a large spur (Fig. 2D) . The guinea pig antiserum prepared against DNV1 was of low titer, but it still gave a visible spur on the band created by DNV1 (Fig. 2E) .
The virus particles of DNV1 and DNV2 were serologically identical to their respective top components (data not shown).
Polyacrylamide gel electrophoresis of DNV structural polypeptides. Polyacrylamide gel electrophoresis revealed that the virus particles contained four main structural polypeptides, designated in decreasing molecular weight as VP1 through VP4, as shown in Fig. 3 . Adeno-associated virus type 2 polypeptides are shown for comparison. The molecular weights of these polypeptides are indicated in Table 1 . Estimates of molecular weight varied with the buffer system and gel concentrations used. The polypeptide compositions of the virus particles and top components were identical for each virus (Fig. 4) , though the relative amounts of each polypeptide varied slightly (Table 2 and Fig. 4 structural polypeptides and the minor, fifth polypeptide were efficiently radiolabeled with 125I when chemically iodinated with chloramine-T after disruption with SDS (Fig. 5) , and the profile was similar to the Coomassie blue stain profiles. Both lactoperoxidase and chloramine-T radiolabeled the two high-molecular-weight A high pH had a more marked effect on virus particles than on top components. The two entities (at =1 mg/ml) were dialyzed into 0.05 N NaOH at pH 12.7 or 0.05 N NaOH-1.0 M NaCl at pH 12.3 at 40C for 48 h. The products were then analyzed by analytical ultracentrifugation, using Schlieren optics. In low salt at high pH, the top component sedimented as a symmetrical peak with a sedimentation coefficient of 61S, suggesting that it was essentially unchanged, whereas the virus particles sedimented as three peaks with sedimentation coefficients of 9, 119, and 122S. In 1.0 M NaCl and high pH, the top component sedimented as two components with sedimentation coefficients of 2 and 47S (the latter was the major component), and the virus particle sedimented as a single peak of 12S. Thus, the top components were fairly stable to alkaline conditions up to pH 12.5, whereas under similar conditions of high pH and ionic strength, virus particles were less stable than top compo-J. VIROL. A preliminary analysis of the groups titrated was made as described by Tanford (32) . Seven moles of H+ ions per 100 mol of amino acid residues were bound between pH 6.0 and 2.5. These may be assigned to side-chain carboxyl residues of aspartic acid and glutamic acid which have pK values of =4.0. The number of histidine, lysine, and arginine residues per 100 mol of amino acid residues available for titration above pH 6.0 must therefore be seven, since at the isoionic pH (6.0) the net negative charge equals the net positive charge (32) . Since 1 mol of H+ ion per 100 mol of amino acid residues was dissociated between pH 6.0 and 7.3, presumably from histidine, a total of 6 mol of lysine and arginine residues per 100 mol of amino acid residues was available for titration. Amino acid analysis has shown that there is between 6 and 7 mol of lysine and arginine per 100 mol of amino acid residues in the protein of top components and virus particles (see Table 1 and reference 20); it is likely, therefore, that all these residues are positively charged at pH 6.0 and hence available for neutralizing negative charges on the DNA in virus particles.
Between pH 7.3 and 11.5, between four and five H+ ions were dissociated per 100 mol of amino acid residues. The side chains titrating in this range would have been from some, but not necessarily all, of the cysteine, tyrosine, and lysine residues. The arginine residues would not be expected to titrate below pH 12. Since only 7 of the 20 aspartic acid and glutamic acid residues (20) per 100 mol of amino acid residues titrated, 13 of these residues in top component were present in the amide form. Thus, all the lysine and arginine residues in top component are titratable and hence are potentially available for neutralizing negative charges on the DNA in virus particles.
The forward titration curve of virus particles in 0.1 M KC0 is shown in Fig. 8 (Fig. 7) and virus particles. and virus particles intact. This was confirmed by analyzing the titrated samples at both high and low pH values in the centrifuge. In all cases intact virus and top component were observed. Therefore, any difference in the titration curves between top component and virus particles cannot be due to dissociation effects.
Thus, the electrometric titration experiments on top component (Fig. 7) and virus particles (Fig. 8) showed that a larger number of hydrogen ions per 100 mol of amino acid residues was dissociated from intact virus than from intact top component in the pH range 2.5 to 11.0. The extra titratable groups of virus particles, as compared with top component, were dissociated in the pH range 6.0 to 11.0 and possibly also in the pH range 2.5 to 3.0. No extra groups were titrated from virus particles in the pH range 3.0 to 6.0, as compared with top components. These observations were not due to the different ionic strength conditions used for the titrations in the alkaline range, since the effect of increasing ionic strength would be to decrease the number of H+ ions dissociated at high pH (34) . This is contrary to the effect found. The difference in titration curve for virus particles and top component (see Fig. 8 ) suggested that at pH greater than 6.0, the two types of particles have different charges and hence different electrophoretic mobilities. We showed earlier that virus particles had a mobility about twice that of top component at pH 9.0. The mobility difference was consistent with virus particles' having a negative charge about twice that of top component at this pH. This is confirmed by the titration curves.
The difference in titration behavior (Fig. 8 ) for virus particles and top component may be ascribed to titration of the DNA bases in the virus. The four nucleotide bases of DNA provide three titratable amino groups with pK' near 4 and two titratable hydroxyl groups with pK' near 11. The fact that little or no virus DNA titrated between pH 3.0 and 6.0 but that viral DNA apparently titrated in the pH range 6.0 to 11.0 means that the titration curve for the nucleic acid in virus particles is shifted to a lower pH range compared with DNA in moderateionic-strength solutions and is similar to that of denatured, and hence essentially singlestranded, DNA under conditions of very high ionic strength (4) . Thus, the DNA in virus particles appears from its titration curve to be in an environment equivalent to a very high ionic strength, where the net charge on the phosphate groups is almost completely screened, as would be the case if the phosphates were efficiently neutralized by counterions.
The near equivalence of the isoionic pH of the virus and top component leads to the important conclusion that the net charge on the protein does not change when it is combined with the nucleic acid. This means that the negatively charged phosphate groups (pK 1) on the DNA must be balanced by an equivalent number of positive counterions in the virus particle which do not come from the viral protein. In other words, the majority, if not all, of the positive charges on the viral protein are not involved in neutralizing DNA phosphates. These must be neutralized, therefore, by small counterions present within the virus particle. The electrostatic interaction between charges on the protein and DNA appears to be miniimal.
A comparison of the titration curves of virus and top component shows that the protein sidechain carboxyl groups have very similar pK values in both complexes. They are probably situated on the surface of the protein capsid and are probably responsible for the solubility of the virus in aqueous solution. Similar conclusions may also be drawn concerning the arginine, histidine, and lysine side chains. These, too, are freely accessible to H+ ions in both complexes and may therefore be situated on the outer surface of the protein capsid.
Circular dichroism studies on DNV2 particles and top components. The circular dichroic spectra of DNV1, DNV2, and the respective top components in the range 230 to 320 nm have already been reported (11) . The circular dichroic spectra in the 195-to 250-nm region of virus particles and top components are shown in Fig. 9 . The spectra were significantly different. There were decreases in negative dichroism of the top component between 230 and 215 nm when the protein was incorporated into the virus capsid and increases in the range 215 to 198 nm which might at first sight be interpreted as changes in the secondary structure of the protein. However, it is also possible that the changes arose from the altered environment of side-chain aromatic chromophores, such as tyrosine or tryptophan, which might have interacted with the DNA in the virus, or from altered conformation of the bases in the DNA itself. It is not possible to distinguish between these various possibilities on the basis of these spectra alone. It can be concluded, however, that there is a definite interaction between viral DNA and protein which gives rise to altered optical properties. DISCUSSION DNV1 and DNV2 are similar, but not identical, viruses as judged by biophysical, biochemical, and serological properties of the protein coat. This basic conclusion complements the demonstration that the viruses possess closely homologous DNAs of similar structure (13 (33) . This probably reflects their unconventional method of calculation. Under conditions which resolve three polypeptides for adeno-associated virus particles (30) , four DNV polypeptides were resolved, and so it appears that these viruses are indeed different despite similarities in the fine structures of their DNAs. Iodination experiments with both lactoperoxidase and chloramine-T showed that only the two high-molecular-weight polypeptides and a minor polypeptide were accessible for iodination. This observation again contrasts with observations on the iodination of adenoassociated virus type 3 capsid protein (22) , where all three adeno-associated virus polypeptides are iodinated. However, the observation that chloramine-T fails to iodinate the two lower-molecular-weight polypeptides does not necessarily mean that these are "core" polypeptides. It could indicate merely that in the native protein state, their tyrosine residues are inaccessible due to tertiary folding of the polypeptide chain. Omission of a reducing agent from the sample buffer failed to alter the polypeptide profile of DNA polypeptides, confirming the observation of Tijssen et al. (33) , which demonstrates that disulfide bonds are not involved in the creation of the remarkably stable coat of these viruses.
Gel electrophoresis of intact virus particles at pH 9.0 showed that, in the case of DNV1 (but not DNV2, which failed to enter the gel), the virus particles could be separated from top component and indicated that the virus particles had a higher net negative charge than did the top component; this is probably attributable to the negative charge of the DNA in the virus arising from titration of the DNA bases at pH 9.0.
The conclusion that most of the DNA phosphate is neutralized by cations other than basic amino acids is supported by our earlier observation that the virus particles, but not the top component, are rich in polyamines, having a sufficient amount to neutralize 26% of the DNA (15) .
The biochemical, biophysical, and serological tests described so far in this discussion have failed to show that there is any difference between the top component protein and the protein coat in situ in the virus particle for a given virus. Although we have presented indirect evidence that there is little direct interaction between the viral genome and its protein, nevertheless it is probable that interaction occurs, albeit on a limited scale, and that the interaction has a certain specificity. To determine whether a conformational difference occurred in the coat when present in top component or in part of the virus particle, circular dichroism studies were performed, and differences were detected. Analysis of the results by standard methods failed to demonstrate that the virus protein existed in a predominant secondary structural form (similar observations have been made for other singlestranded RNA viruses [11, 28, 31] . Interaction of single-stranded nucleic acid with the protein induced a marked change in optical properties of the protein, nucleic acid, or both. The analyses of the titration data suggest that the electrostatic interactions between DNA and protein in the virus are minimal. The negative charge on the DNA appears to be completely screened by small counterions, such as polyamines. Although nonpolar interaction cannot be excluded, and indeed the differences in the circular dichroic spectra between top component and virus would support such interaction, the picture that emerges is one where the DNA is physically contained within the protein, with little direct interaction between them.
